Abstract We present an analysis of paleoseismic data along the central and southern San Andreas fault that seeks to establish the timing, recurrence, and along-fault correlation of paleoearthquakes. We use Bayesian methods to compute a series of probability density functions (PDFs) that cast paleoearthquake timing in the context of yearly probabilities. To quantify the uncertainties present in the paleoseismic dataset based on stratigraphic interpretations, we use a scenario-based approach in which different, viable, stratigraphic interpretations are used to infer paleoearthquake timing. Using these PDFs, we attempt to correlate earthquakes along the fault through time to image a time series of past fault ruptures. We find that site-to-site correlation is often difficult due to significant uncertainties. Nonetheless, some ruptures could be correlated from site to site. Assuming the paleoseismic record is complete, these inferences may indicate that ruptures begin and terminate more or less randomly in space. The results of our analysis may prove beneficial to future probabalistic seismic hazard assessments of this area and may serve as inputs to studies that seek to quantitatively test rupture models against data in the paleoseismic record.
Introduction
Earthquake-generating ruptures may recur in their approximate extent and magnitude along a particular length of a fault (e.g., Schwartz and Coppersmith, 1984) , occur randomly over a fault's length throughout time (e.g., Gardner and Knopoff, 1974) , or oscillate between several rupture extents and magnitudes over time to accommodate the long-term slip budget along the fault. Each of these different behaviors may have different implications for future earthquake forecasting, may influence hazard assessments, and may reveal important information about changes in geometry and/or mechanical properties along the fault length (e.g., Graymer et al., 2005) . With the exception of a few rare series of earthquake ruptures (e.g., Stein et al., 1997) , the database of historical ruptures along a particular fault is often insufficient to discern between these different modes of rupture. Thus, imaging a time series of ancient ruptures along a fault provides one way to test different models of long-term rupture behavior. This imaging is often carried out by excavating the near-surface fault-zone stratigraphy at sites along a fault and by analyzing the cross-cutting relationships between fault-generated offsets in the sediments with radiocarbon or thermoluminescence dating of the strata to deduce the relative sequence and absolute ages of ancient surfacerupturing earthquakes (McCalpin, 1996 , and references therein). Finally, by estimating the timing of earthquakes at a number of sites along a fault, the extent of ancient ruptures can be estimated and used to determine the long-term rupture behavior of the fault.
The San Andreas fault (SAF) in central and southern California is one of the most well-studied plate-bounding strike-slip faults in the world. Extensive resources have been dedicated to understanding the timing of ancient earthquakes along this fault because of the devastating past earthquakes that it has generated (e.g., the 1857 Fort Tejón earthquake and the 1906 San Francisco earthquake) and the future hazard that it poses to a heavily populated area of the United States (Working Group on California Earthquake Probabilities [WGCEP], 1988 [WGCEP], , 1995 [WGCEP], , 2003 . In particular, between Parkfield, California, and Indio, California (Fig. 1) , there are eight sites reported in the peer-reviewed literature at which the timing of ancient earthquakes has been deduced. Thus, the relatively dense distribution of paleoseismic sites along this portion of the SAF may provide information about the long-term rupture behavior of this fault. In addition, there are a number of other sites in this area that have not yet emerged in the peer-reviewed literature, and the future evaluation of these sites may help refine our inferences of the rupture behavior of this fault. Surprisingly, there has not yet been a consistent analysis of the timing of earthquakes between all of these sites that might clearly image the time series of ancient ruptures in this area. The development of this type of time series was attempted using a smaller subset of sites by Grant and Sieh (1994) and Sieh (1996) that were available when these studies were undertaken. However, these previous studies necessarily did not take advantage of newly developed Bayesian statistical methods that rigorously estimate the age of ancient earthquakes based on radiometric and paleoseismic excavation data. Thus, it appears timely that the available peer-reviewed paleoseismic excavation data be analyzed using these new methods to estimate the ages, recurrence, and correlation of earthquakes along the central and southern SAF. This article is the second in a study that seeks to understand the timing, recurrence, and behavior of ancient ruptures along the central SAF. In the first article (Hilley and Young, 2008) , we presented new Bayesian statistical methods that improve statistical inference of the ages and recurrence of earthquakes based on paleoseismic excavation data. We tested these methods against similar, previously developed methods used to analyze the ages and recurrence of earthquakes at two sites in this area. In this contribution, we use our Bayesian methods to reanalyze paleoseismic data along the central and southern SAF that are reported in the peer-reviewed literature. In particular, we consider a total of eight paleoseismic sites (Sieh et al., 1989; Fumal et al., 1993; Grant and Sieh, 1994; Seitz et al., 2000; Fumal, Weldon, et al., 2002; Lindvall et al., 2002; McGill et al., 2002; Weldon et al., 2002; Young et al., 2002) (Fig. 1 ) and calculate the probability density functions (PDFs) for the timing of past earthquakes observed in the geologic record and their recurrence. We propose some metrics for assessing the correlation of earthquakes between each site, and present rupture scenarios that are most consistent with the paleoseismic and radiometric data from all of the sites. While these results will certainly change as new and higher quality paleoseismic data become available from this area, our results constitute an attempt to use PDFs derived from Bayesian analysis of paleoseismic data from the area to understand the possible patterns of ruptures through time that characterize this portion of the SAF.
Study Area
We chose the central and southern SAF (Fig. 1) as our focus area because of the extensive documentation of the timing of ancient earthquakes in the area (Sieh, 1978b; Fumal et al., 1993; Grant and Sieh, 1994; Fumal, Weldon, et al., 2002; Lindvall et al., 2002; McGill et al., 2002; Weldon et al., 2002; Young et al., 2002) , and because many paleoseismic techniques for strike-slip faults were developed here (Sieh, 1978a) . Parkfield (PF, Fig. 1 ) and the Mission Creek paleoseismic site (MC, Fig. 1 ) bound the study area to the northwest and southeast, respectively (Fig. 1) . In the northern and central portions of the study area, the fault consists of two roughly linear traces between PF and the Carrizo Plain (CPl, Fig. 1 ), and Tejón and Cajón Passes (TP and CP, respectively, Fig. 1 ). The former trace strikes approximately 345°, undergoes an ∼30°restraining bend between the southern Carrizo Plain and TP, and continues ∼315°southeast of TP. In the vicinity of CP, the fault bifurcates into the southern, oblique-slip Banning fault segment and the northern SAF segment. In the southern portion of the study area, the Banning fault once again merges with the SAF and undergoes an ∼30°bend in the vicinity of the MC site ( Fig. 1 ) and continues ∼345°toward its southern termination in southern California.
Eight sites that have been documented in the peerreviewed literature exist along this portion of the SAF, and so this area constitutes one of the highest quality paleoseismic datasets in the world. The quality of the paleoseismic sites varies from site to site due to changing depositional conditions and the prevalence of datable material contained within the stratigraphy. At the Wrightwood site, fourteen earthquakes are documented within the published stratigraphy; most sites image significantly fewer surface-rupturing earthquakes. Sites used in this study are shown in Figure 1 and include, from northwest to southeast, Las Yeguas (LY, Young et al., 2002) , Bidart Fan (BF, Grant and Sieh, 1994) , Frazier Mountain (FM, Lindvall et al., 2002) , Pallett Creek (PC, Sieh, 1978b; Sieh et al., 1989) , Wrightwood (WW, Fumal et al., 1993; Fumal, Reymer, et al., 2002) , Pitman Canyon (Pit, Seitz et al., 2000) , Plunge Creek (Plunge, McGill et al., 2002) , and Mission Creek . In addition, historical events have ruptured various portions of the SAF in the study area. Seven historical earthquakes around M s ∼6 have ruptured the portion of the fault restricted to the PF area; however, ruptures apparently have not propagated as far south as Cholame (CH, Fig. 1 ). In 1857, the Fort Tejón earthquake likely ruptured the portion of the fault from CH towards CP (Agnew and Sieh, 1978; Sieh, 1978a) . Prior to this event, a smaller event in 1812 apparently ruptured the region of the fault including the PC, WW, and Pit sites. It is worth noting that there are several sites that were not included in this study, including a site southeast of MC (Indio site, Sieh, 1986) , one between Pit and Plunge (City Creek, McGill et al., 1998) , and two sites between Plunge and MC (Burro Flats, Yule and Howland, 2001, and Cabazon, Yule et al., 2001 ). We chose not to include these sites in our analysis, either because they have not yet had the chance to be peer reviewed in the literature, or because they are active working sites whose results may change as new data emerges.
Methods
In this study, we use Markov-chain Monte Carlo (MCMC) simulation methods to estimate, in a probabilistic sense, the ages of earthquake and their recurrence at each of the paleoseismic sites considered. These simulation methods are used to approximate Bayes's theorem (Bayes, 1763) , which can be used to assimilate geologic information into radiometrically determined estimates of stratal ages. The methods employed in this study represent an extension of previously developed Bayesian strategies for estimating earthquake timing and recurrence, and the details of our method are documented in a companion article (Hilley and Young, 2008) . Here, we briefly summarize the key improvements implemented in our new Bayesian simulation method that are particularly tailored to paleoseismic applications.
The Bayesian methodology used in this work allows geologic information, such as relative ordering of strata and information provided by peat growth in paleoseismic excavations, to be used in concert with radiometric age control to estimate PDFs of earthquake ages and their recurrence. Two general classes of Bayesian algorithms have been used in the past by the paleoseismologic community to infer these PDFs. The first class was developed by Biasi and Weldon (1994) and Biasi et al. (2002) and uses explicit evaluation of Bayes's rule using a limited subset of data from a paleoseismic site to calculate these PDFs. In their method, Biasi and Weldon (1994) and Biasi et al. (2002) used geologic information on the relative ordering of strata in excavations, as well as the time that separates each layer that is represented by peat growth to refine initial estimates of stratal ages. In contrast, the second class of Bayesian algorithms, developed by the archeological community, uses simulation rather than explicit evaluation to estimate earthquake ages (e.g., BronkRamsey, 1995; Buck et al., 1996) . The relative ordering of strata and the minimum time separating the layers represented by peat growth can likewise be used to constrain earthquake ages in this method.
In our previous work, Hilley and Young, 2008 found that systematic biases may arise in the estimation of the PDFs of stratal and earthquake ages when simulation was used in cases where minimum time separation between strata represented by peat growth was considered. Thus, the use of currently available Bayesian simulation methods, which allow all data from a paleoseismic excavation to be simultaneously considered when calculating stratal and earthquake ages, and recurrence interval PDFs seemed incompatible with sites at which peat growth should be used as constraints on these PDFs. This problem arose due to the idealization that peat growth represents a minimum time that separates different strata in a paleoseismic excavation. In reality, if the accumulation rate is assumed constant (e.g., Biasi et al., 2002 ) the stratigraphic position reveals the age at any given peat thickness rather than the time that separates individual samples. Our improved Bayesian method has three key benefits over each of these two methods: (1) We revise the idealization of peat growth to take advantage of benefits of MCMC simulation while properly treating the accumulation of peat growth in paleoseismic excavations. This allows all radiometric age control and geologic information to be incorporated rigorously into the estimates of stratal and earthquake age, and recurrence interval PDFs. (2) Our simulation methods allow the approximation of the full joint distribution of stratal and earthquake ages, and recurrence intervals. (3) Our formulation ensures that the covariation between stratal ages throughout the paleoseismic excavation is taken into consideration when calculating the earthquake age and recurrence interval PDFs. More importantly, the approximation of the joint PDF allows us to explicitly track how specific choices for layer ages affect the earthquake age PDFs and how these in turn affect the recurrence interval PDFs. Thus, our new method represents a hybrid between explicit methods that must consider only a subset of strata when calculating the conditional-stratal-age PDFs (Biasi and Weldon, 1994; Biasi et al., 2002) , and the previously used MCMC simulation methods (e.g., Bronk-Ramsey, 1995; Buck et al., 1996) .
In this work, we use two measures of earthquake correlation as a guide for identifying contemporaneous ruptures. We use the mean event overlap and weighted range overlap methods, shown schematically in Figure 2a ,b, respectively. In the former method, we select two different earthquakes from adjacent sites and find the time at which the cumulative probability for each PDF is 2.5% and 97.5% (times are represented by dashed vertical lines in Fig. 2a ). We then calculate the degree of overlap of these times by computing the cumulative probability of each PDF that falls within the 95% range of the other. These ranges are normalized to the entire 95% range of each PDF. Finally, the degree of overlap is the average of these two values and is expressed as a percentage.
The second parameter we computed to assess earthquake rupture correlation between sites was the weighted range overlap (Biasi et al., 2003) , shown schematically in Figure 2b . In this method, we consider two events at adjacent trenches (PDFs shown as event at site A and event at site B in Fig. 2b ). We compute the weighted event overlap as
where W is the degree of overlap, E A t and E B t are the event PDFs of event A and B, respectively, and the function min denotes that we determine the minimum yearly probability value of E A t and E B t for each time t. Graphically, the value of W is represented by the area of the shaded zone shown in the right-hand column of Figure 2b and is bounded by the minimum value of the two PDFs. Higher overlap between PDFs yields higher values of the parameters determined by both of these methods. These parameters are not formal statistical tests and so only serve to guide interpretations of correlations along the fault length. We acknowledge that PDFs with large uncertainties generally yield higher values for these parameters than their low-uncertainty counterparts. Because these two parameters provide only a qualitative measure of potential correlation of events, we have used these parameters in conjunction with careful study of the data to identify potential correlations between events recorded at adjacent paleoseismic sites. We calculated correlation metrics for earthquakes between all sites, and when correlating multiple sites, we required that correlation metrics between adjacent sites be qualitatively high enough to justify a correlation. However, we did encounter several cases where correlation of events between adjacent sites was low but correlation between distant sites was high. In most of these cases, we stopped the rupture at adjacent sites where correlation was low.
Results
Earthquake Timing and Recurrence at Paleoseismic Sites Las Yeguas Site. The LY paleoseismic site is the northwestern-most site analyzed in this study and is located ∼40 km southeast of the Cholame Valley along the SAF (Stone et al., 2002; Young et al., 2002) . Excavations were seated on the distal edge of an alluvial fan that crosses the SAF. Sediments consist of a sequence of moderately to heavily bioturbated laminated sands, silts, gravels, and debris flows that document three ground-rupturing earthquakes (events in Young et al. [2002] are their L2 and L1 events; Stone et al. [2002] 's C1/C2 event lies between Young et al. [2002] 's L2 and L1 events) and one ground-fracturing event (L0 event in Young et al. [2002] ). Importantly, the heavily bioturbated soils exposed at the site may have confounded the identification of earthquakes at the site, and so the paleoseismic record here is likely incomplete. For example, a previous study at the site (Stone et al., 2002) found three ground-rupturing earthquakes, whereas heavy bioturbation of sediments at a closely located trench prohibited the identification of all three of these events (Young et al., 2002) . Analysis of pollen within the sediments that constrain the age of the L0 event indicate that the ground-fracturing episode occurred after the 1857 Fort Tejón earthquake, and field estimates of offsets along the fractures suggest that there was less than 0.5 cm of vertical displacement of units during this event (Young et al., 2002) . Based on these data, Young et al. (2002) interpret L0 as a triggered-slip event that may have been related to the 1877 or 1881 earthquakes in the vicinity of Parkfield, California.
Sample ages for all sites used in this analysis are shown in Ⓔ Table A1 in the electronic edition of BSSA and the stratigraphy of the site is summarized in Ⓔ Table A2 in the electronic edition of BSSA. Summary statistics for layer ages at the site are given in Table 1 . In our analysis, we accepted the Young et al. (2002) interpretation that the L0 event was triggered-slip related to a post-1857 earthquake, and so we did not calculate a PDF for this event. The heavily bioturbated sediments exposed in the excavations reported by Young et al. (2002) likely masked the identification of an additional event revealed in a previous study of the site (Stone et al., 2002) . Thus, in this study, we attempt to synthesize the two studies reported from the LY site by reintroducing an additional event prior to the 1857 Fort Tejón earthquake (assumed to be event L1 at the site). Young et al. (2002) report that their deepest event (LY2) is contemporaneous with event C2 identified by Stone et al. (2002) . The age of the intermediate event identified by Stone et al. (2002) (C1/C2) is bracketed by layers 5 and 13 by stratigraphic correlations between the two trench locations. Thus, we rename LY2 of Young et al. (2002) as LY3, and introduce the LY2 event of this study, which is bracketed by the same strata. Because our LY3 and LY2 events are bracketed by the same (left-hand panel) , and event timing is constrained by upper-and lower-bounding radiocarbon ages (right-hand panel). Y-axis scale is truncated to show posterior PDFs; however, the a priori bounding ages in the left column have a probability of yearly occurrence of one, since these ages are known. stratal ages, it is only their relative ordering in the trench that creates differences between each earthquake age PDF.
We show the stratal, earthquake, and recurrence PDFs for the LY site in Figure 3 and report the summary statistics for earthquake ages in Table 2 . In Figure 3 , and subsequent figures that report PDFs at each site, we plot the marginal stratal PDFs in the left-hand column, while earthquake and recurrence interval marginal PDFs are arranged to the right-hand side in an order that shows the stratigraphic relationships that were used to estimate each. For example, the statigraphically lowest layer (13) is shown at the bottom, while the highest (5) is shown at the top of the first column of the figure. Because L2 and L3 are bracketed by these two ages, we plot their marginal PDFs to the right, and between units 13 and 5. Finally, the recurrence interval marginal PDFs are plotted in the third column, and their position between each of the earthquake marginal PDFs denotes the bounding earthquake ages that were used to produce the PDFs.
Our calculated mean ages for L2 and L1 fall within the range of A.D. 1050-1460 and A.D. 1460-1860 estimated by Young et al. (2002) . However, the differing earthquake stratigraphy that we used (the inclusion of the additional event reported by Stone et al. [2002] ) caused the total range encompassed by L3 and L2 to decrease relative to Young et al.'s (2002) estimates of the age of their L2. The age range of each of our L3 and L2 earthquakes likewise decreased. Based on the close proximity of the L1 rupture to the surface and postsettlement pollen-bearing sediments, Young et al. (2002) interpreted L1 to be the 1857 Fort Tejón earthquake. This age exceeds the 95% age range of the L1 earthquake (Table 2 ). In reality, the 1857 earthquake certainly ruptured ground in the vicinity of the LY site (Sieh, 1978a; Lienkaemper and Sturm, 1989) , and so earthquake L1 likely represents the 1857 earthquake because no younger pre-1857 events were observed at the LY site. However, this example highlights the difficulty of definitively correlating the 1857 earthquake with L1 because of the poor age control that exists at the site. Finally, Young et al. (2002) claim that the site likely experiences ground rupture every 290-410 yr. This estimation assumes that the L1 event was indeed the 1857 Fort Tejón earthquake. The recurrence interval summary statistics calculated in this study are reported in Table 3 . If we do not assume that L1 was the 1857 Fort Tejón earthquake, but instead regard its earthquake age PDF as representing its true age, then the average recurrence interval between events L3 and L1 is 183 yr, and plausibly may lie within the range of 55-314 yr (95% bounds). If instead, we regard L1 as the 1857 earthquake as did Young et al. (2002) , the mean recurrence interval is 289 yr, and may plausibly lie within the range of 228-370 yr. Our shorter recurrence intervals at the site reflects our inclusion of the additional event reported by Stone et al. (2002) .
Bidart Fan Site. The BF site (Grant and Sieh, 1994 ) is located ∼35 km southeast of the LY site along the SAF (Fig. 1) . The site is seated in the vicinity of an alluvial fan and channel that is offset by motion along the SAF. Sediments within four excavations consist of bioturbated, laminated silts to gravels and paleosols, which recorded seven events. The upper five events (events A-E, labeled from youngest to oldest, Grant and Sieh [1994] ) are observed in a total of two trenches, with the uppermost event (event A) representing the 1857 Fort Tejón earthquake (Grant and Sieh, 1994) . The lower two events (events F-G, Grant and Sieh [1994] ) have poor age control and so are not considered in this analysis. The timing of earthquakes B-E is bracketed by a total of four nondetrital radiocarbon ages (Ⓔ see Tables A3 and A4 in the electronic edition of BSSA). In addition, Grant and Sieh (1994) argue that the age of event B occurred approximately contemporaneously with the formation of a paleosol (their layer 8) that is disrupted by groundfracturing associated with the event.
In our analysis of the BF site, we consider two scenarios for the timing of earthquakes recorded in the area. In the first scenario, referred to hereafter as scenario 1, we use the interpretation of Grant and Sieh (1994) in which event A is the 1857 Fort Tejón event, the age of event B is represented by the age of a paleosol that it disrupts, and the ages of events C-E are constrained by the additional nondetrital radiocarbon samples taken from the strata (Ⓔ see Tables A3  and A4 in the electronic edition of BSSA). Finally, Grant and Sieh (1994) report that the timing of earthquake E is represented by a layer that is either cut by or draped into a fissure created by this earthquake. Given this information, earthquake B bounds the ages of the earthquake that preceded it (earthquakes C-E), and we use the additional radiocarbon ages to constrain the ages of the events. Unlike Grant and Sieh (1994) , in both of our scenarios we take a more conservative interpretation of the stratigraphic relationships that constrain the timing of event E, and use the lowermost disrupted dated unit that constrains its timing as a lowerbounding age of the event, rather than the age of the event itself.
In a second scenario, referred to hereafter as scenario 2, we consider an alternate interpretation of the relationships that constrain the timing of events B-E. As stated in the preceding paragraph, Grant and Sieh (1994) assert that the age of a paleosol layer (their layer 8; Ⓔ see Tables A3 and A4 in the electronic edition of BSSA) represents the timing of event B based on the supposition that paleosols at the site form in approximately 20 yr. However, the use of paleosol formation as an absolute dating tool requires extensive local calibration and analysis of systematic changes in soil chemistry over time (e.g., Rockwell, 2000) ; neither of these were reported for this site. We analyze the sensitivity of the timing of earthquakes at the site to a differing interpretation of this single layer by using the paleosol as a lower-bounding age for event B, rather than a direct measure of the timing of the earthquake. In this revised scenario, lower and upper bounds on the timing of event B are constrained by the age of the paleosol layer and the 1857 Fort Tejón event, respectively.
Summary statistics for layer ages are reported in Table 4 . Considering scenario 1 (Fig. 4) , our mean event ages for events B-D (A.D. 1452, 1415, and 1378, respectively) (Table 5) agree with the range of A.D. 1405-1510, 1277-1510, and 1277-1510 reported for these events (Grant and Sieh, 1994) . However, our use of the lowermost dated stratum as a lower-bounding age of event E causes us to estimate a younger mean age of event E (A.D. 1293) relative to the published range of A.D. 1218 -1275 (Grant and Sieh, 1994 . In any case, our 95% ranges in the estimate of the timing of this event (Table 5 ) encompass the range estimated by Grant and Sieh (1994) . Our calculated mean recurrence interval RIs in this case are 400, 37, 37, and 85 for the event intervals (from youngest to oldest event intervals) ( Table 6 ). The youngest recurrence interval analyzed, which is constrained by the age of the paleosol (layer 8), agrees well with that of Grant and Sieh (1994) (350-450 yr) ; however, our mean recurrence estimate (Table 6 ) systematically underestimates that posited by Grant and Sieh (1994) (73, 73, and 146 yr) . However, when considering the 95% bounds on the recurrence intervals, our ranges agree well with those reported by Grant and Sieh (1994) (Table 6 ).
Next, we considered scenario 2 (Fig. 4) , which was designed to test the sensitivity of earthquake ages and recurrence intervals to interpretations of stratigraphic relationships at the site. When using the paleosol layer (layer 8) as a lower-bounding age for event B instead of its age, and bounding the upper age of the earthquake using the 1857 Fort Tejón earthquake, all earthquake ages at the site were altered (Table 5 ). In particular, the mean earthquake ages for events B-D increased substantially to A.D. 1663 1559, and 1456. Only the lowermost event (event E) was relatively unaffected by this change (Table 5 ). This resulted because independent radiocarbon samples define the ages of layers that bound this event, and so the timing of this paleoearthquake is relatively insensitive to the ages of the overlying layers. Importantly, even the ranges in the earthquakes' timing are shifted to younger ages, emphasizing the potential impact that even a single interpretation within a trench's stratigraphy may have on the inferred earthquake ages.
These large differences in earthquake ages also create substantial differences in the recurrence intervals between earthquakes at the site (Table 6 ). In particular, relative to scenario 1, the scenario 2 mean recurrence intervals are more constant through time, and range between 103-203 yr. Nonetheless, the ranges in the earthquake recurrence intervals are large (2-401 yr, depending on the recurrence interval considered) (Table 6 ). Thus, these data imply either temporally clustered earthquake behavior (e.g., scenario 1; Grant and Sieh, 1994) , or a fairly uniform recurrence (e.g., scenario 2), depending on the treatment of a single layer within the stratigraphy. Further excavations are ongoing at the BF site (J R. Arrowsmith, personal comm., 2006), and so in the future, more robust age control and tightly constrained stratigraphic models may shed light on the appropriateness of either of these two scenarios.
Frazier Mountain Site. The FM site (Lindvall et al., 2002) is located ∼80 km southeast of the BF Site (Fig. 1) . The excavations were located within a closed depression interpreted to result from a right step in the SAF (Lindvall et al., 2002) . Units exposed at the site consist of bedded sand, silt, and clayey silt that form unbioturbated, laterally continuous units in the excavations (Lindvall et al., 2002) . Shallow groundwater conditions at the site prohibit exposure and analysis of units below several meters. Therefore, only two paleoearthquakes are recorded in the exposed strata, the youngest of which is interpreted to be the 1857 Fort Tejón event by Lindvall et al. (2002) . A total of eight samples, two of which likely had a detrital component, constrain the ages of layers in the area. In our analysis, we bracket both earthquake ages using radiocarbon age determinations. The radiocarbon ages used to date layers in the FM excavation are reported in Ⓔ Table A5 in the electronic edition of BSSA, and the relationship between these layers and earthquakes that were reported by Lindvall et al. (2002) are reported in Ⓔ Table A6 in the electronic edition of BSSA. We use an upper bound for event 1 of A.D. 1857 due to the fact that no earthquakes have been historically observed in this area. Summary statistics for layer-age PDFs are reported in Table 7 .
The layer age, earthquake age, and recurrence interval PDFs derived from our analysis are shown in Figure 5 , and summary statistics for earthquake age and recurrence are reported in Tables 8 and 9 . Based on the ages and stratigraphy at the site, we estimate mean earthquake ages of A.D. 1724 and 1513 for event 1 and event 2 (event notation after Lindvall et al. [2002] ), respectively ( Fig. 5 ; Table 8 ). Lindvall et al. (2002) inferred that the stratigraphically highest earthquake (event 1) represents the 1857 Fort Tejón earthquake. Our age range for this event (A.D. 1571-1851) is consistent with this conclusion; however, the poor age control in this portion of the site precludes demonstration of this association based solely on the radiocarbon age constraints. Our mean earthquake age for event 2 lies near the reported maximum probability reported by Lindvall et al. (2002 Lindvall et al. ( ) (A.D. 1510 , and our 95% limits of the earthquake age are similar to their reported 2σ age range for the event (A.D. 1460-1600). Using Lindvall et al. (2002) 's conclusion that the most recent event recorded at the site represents the 1857 Fort Tejón earthquake, we calculate a mean RI of 344 yr, with a 95% range between 262 and 398 yr ( Fig. 5 ; Table 9 ).
Pallett Creek Site. PC is located ∼110 km east-southeast along the SAF from the FM site (Fig. 1) . Excavations at the site expose a > 8-m-thick section of peat-rich and clastic sediments that constrain the timing of eight prehistoric events (Sieh, 1978b; Sieh et al., 1989) . Rapid accumulation of sediments at the site provides a near-continuous record of deposition, and recent entrenchment of PC has lowered the water table in the area. This entrenchment has formed a ∼10-m-deep, 50-170-m-wide canyon within the older terrace deposits (Sieh, 1978b) . Radiocarbon samples collected during several periods of work (Ⓔ see Table A7 in the electronic edition of BSSA) constrain many of the layer ages and resolve the values of peat accumulation rates at the site (Fig. 6 ) (Ⓔ see Table A8 in the electronic edition of BSSA).
Our analysis uses the radiocarbon ages, peat accumulation rates, and inferred stratigraphic relationships reported in Biasi et al. (2002) and Biasi and Weldon (1994) . We chose to use the inferences of this previous work due to the fact that we have no direct experience with the sediments exposed at the site, while several members participating in the Biasi et al. (2002) study have excellent knowledge of the stratigraphic relationships at the site. Thus, we feel that the geologic relationships and radiocarbon ages reported in Biasi et al. (2002) provide an excellent basis for evaluation of event timing at the site. As in the analysis of Biasi et al. (2002) , we accept the assertion that the stratigraphically youngest event recorded at the site represents the 1857 earthquake, and use this event to limit the upper ages for layer and earthquakes recorded at the site. The radiocarbon ages used to constrain layer ages are reported in Ⓔ Table A7 in the electronic edition of BSSA, and the stratigraphic relationships used to infer earthquake ages are reported in Ⓔ Table A8 in the electronic edition of BSSA. Summary statistics of layer-age PDFs are reported in Table 10 . The peat-rich layers exposed in the PC stratigraphy allow further constraints to be place on the layer and earthquake ages. As discussed in Biasi and Weldon (1994) , in some cases the accumulation of peat may occur at an approximately constant rate, and so the thickness of peat layers may be used to further refine the layer ages. However, as documented in our companion article, the supposition of Biasi and Weldon (1994) that the peat ages provide a minimum amount of time that separates radiocarbon ages may strongly bias layers to older ages when all constraints are adhered to using the MCMC simulation methods. In addition, at the PC site, it appears that the accumulation rate of peat dramatically changes throughout the trench stratigraphy. To provide an internally consistent means of using peat accumulation to better constrain layer ages, we developed a method that samples selected points in the trench stratigraphy between which peat accumulation rates remain approximately constant. The intervening layer ages are then calculated based on ages of samples contained within them as well as the relative stratigraphic distance within each constant-accumulation-rate interval. While Biasi et al. (2002) also adjusted their peat accumulation rates throughout the stratigraphic column to accommodate the nonuniform accumulation periods seen in Figure 6 , a single value for accumulation rate for each of their accumulation intervals was selected based on the data. Our method uses the layer-age PDFs themselves to calculate the peat accumulation rates for each defined interval, and then uses these rates with the sample depth to calculate layer and event ages recorded in the stratigraphy. This new analysis method represents an important difference between our work and that of Biasi et al. (2002) , who also evaluated the PC site using Bayesian methods. Figure 6 . The distribution of peat-bearing layer ages at the Pallett Creek (PC) site. Those layers labeled in bold were used to define the peat accumulation rate for each interval as described in our companion article (Hilley and Young, 2008) . Those layers lying within each interval spanned by the noted bounding layer ages are assumed to have formed under a constant peat accumulation rate. Note that there is significant variation in the peat accumulation rate over time.
We show the relationship between peat thickness and sample ages for the PC site in Figure 6 . Ages of peat layers are calculated by refining initial radiocarbon estimates of their ages using only stratigraphic ordering constraints (e. g., Biasi et al., 2002) . Error bars show the 95% bounds of the peat layers. In this plot, intervals along which points lie along a line of constant slope indicate that peat accumulation rates are approximately constant, while deviations in this linear relationship document changes in peat accumulation rates through time. In this study, we define 11 intervals over which we felt that peat accumulation rates could be regarded as constant. The bounding layers to these intervals are shown in Figure 6 by the large hollow circles, and these layer names are reported next to the symbols. These layers are sampled using the methods described in Hilley and Young, 2008 to estimate peat accumulation rates and refine the intervening layer ages.
Finally, we emphasize that based on our previous analysis of the WW site, layer, and earthquake age PDFs may be sensitive to the supposition that peat accumulation rates remain constant over a given interval (Hilley and Young, 2008) . In this article, we present layer and earthquake age and recurrence interval PDFs for the case that peat accumulation is used to refine these estimates, as well as the case in which only relative stratigraphic ordering is used to constrain these PDFs. Layer and earthquake age PDFs and recurrence interval PDFs are shown in Figure 7 for cases in which we consider peat accumulation with relative stratigraphic ordering and stratigraphic ordering only, respectively. We report the summary statistics for earthquake ages and recurrence intervals in Tables 11 and 12 , respectively. In addition, we show the earthquake age and recurrence interval PDFs from Biasi et al. (2002) in Tables 11 and 12 to provide a comparison between our different methods. When considering the uncertainties reported in our study and those of Biasi et al. (2002) , we find broad agreement between our two estimates with some noteworthy exceptions. First, mean earthquake ages appear to differ by up to ∼115 years. However, there is no consistent over-or underestimation of mean earthquake ages when comparing one method to the other. The most striking differences between mean ages occur for events V and F when only ordering constraints are used to estimate earthquake ages. We suspect that these discrepancies arise from the discretization of time intervals into 5-yr bins by Biasi et al. (2002) (versus 1-yr bins used in this study), the use of updated radiocarbon calibration data used herein, and the fact that we use simulation rather than explicit evaluation of Bayes's rule to estimate the earthquake age PDFs (e.g., Hilley and Young, 2008) . When considering the 95% bounds on estimated earthquake ages, our results appear consistent.
Similar to the mean earthquake ages, mean recurrence intervals may differ by up to ∼148 years between our method and that of Biasi et al. (2002) . In addition, there does not appear to be a consistent bias when comparing the results of the two methods (Table 12 ). Considering the 95% bounds reported by our study and Biasi et al. (2002) , these two methods are in broad agreement. For the case that we consider peat accumulation and stratigraphic ordering, use the 1857 earthquake as an upper-bounding earthquake age, and note that there are nine chronicled earthquakes prior to the 1857 event, we estimate a mean recurrence interval of 132 yr at the site with 95% bounds on this interval between 131 and 133 yr.
Wrightwood Site. The WW paleoseismic site is located ∼23:5 km from the PC site east-southeast along the SAF (Fig. 1) . This site was used to evaluate our Bayesian refinement methods and to compare them to other methods employed in the past (Hilley and Young, 2008) . Our companion article contains a description of the site, the joint posterior PDFs, and a lengthy comparison of our results with those of Biasi et al. (2002) , and so we refer the reader to this pre- vious work for a complete exposition of the evaluation of the WW site. For completeness, in this article we present the layer and earthquake age PDFs and recurrence interval PDFs in a form similar to the other sites analyzed in this study. The form of these PDFs differs from that presented in Hilley and Young, 2008 in that our previous work normalized the PDFs to the maximum yearly probability to facilitate comparison with the results of Biasi et al. (2002) , rather than normalizing to ensure unit area as we have done in this study.
Layer and earthquake age PDFs and recurrence interval PDFs calculated using both peat accumulation and stratigraphic ordering constraints, as well as the case when only stratigraphic ordering was used to refine these PDFs, are shown in Figure 8 . The radiocarbon samples used to calculate layer ages are presented in Ⓔ Table A9 in the electronic edition of BSSA, the stratigraphic relationships that define the earthquakes are shown in Ⓔ Table A10 in the electronic edition of BSSA, and the layer ages used to define constant peat accumulation rates are noted in figure 3 of Hilley and Young, 2008 . Layer-age summary statistics are reported in Table 13 . Summary statistics for earthquake ages and recurrence intervals are reported in Tables 14 and 15 , respectively. Again, for a complete discussion of the layer and earthquake ages, the reader is referred to Hilley and Young, 2008 . As discussed in Hilley and Young, 2008 , layer and earthquake ages are consistent between our methods and those of Biasi et al. (2002) , with important exceptions towards the tops of the stratigraphic column. In addition, our uncertainties in earthquake timing tend to be smaller than those of Biasi et al. (2002) , and this results in a slightly smaller range in the recurrence interval PDFs ( Fig. 8; Table 15 ).
Pitman Canyon Site. Pit is located ∼25 km southeast of the WW paleoseismic site along the SAF and ∼10 km north of San Bernardino, California (Seitz et al., 2000; Fig. 1 ). Here a > 7 m section of gravels, sands, and peats is disrupted by the SAF. The fault zone consists of ∼10 m long, an echelon, left-stepping patches (Seitz et al., 2000) . Interbedded peat layers provide in situ estimates of layer ages at the sites and reported peat thicknesses and accumulation rates; these peats allow further refinement of layer, event, and recurrence PDFs at the site. Unfortunately, Seitz et al. (2000) did not report peat thickness data in their study, and so we matched their tabulated calendar year ages (their table 1) with the calendar years reported on their plot of peat thickness versus calendar year age (their figure 3) to reconstruct this information. This process likely produced some error, as the number of reported calendar year ages in their figure 3 does not match the total number of dated strata in their study. Our reconstructed peat thickness and ordered layer-age estimates for the site are shown in Figure 9 . Importantly, there were several layers for which peat thickness is not reported in the Seitz et al. (2000) study including the uppermost layer (unlabeled; sample T1-1), and the stratigraphic unit labeled "below 30" (sample S-34-T6). These layer ages were calculated by using the ages of the surrounding peat layers to estimate the layers' ages using only stratigraphic ordering. Thus, we used a hybrid of the peat accumulation and stratigraphic ordering methods at this particular site due to a lack of information about the trench stratigraphy. In addition, the sporadic nature of peat deposition at the PC site made it difficult for us to be convinced that peat deposition was constant throughout the exposed stratigraphy (Fig. 9 ). This stands in contrast to the analysis of Seitz et al. (2000) , in which peat deposition rates were assumed constant between the 10 upper unit and unit 33. For this reason, in our analysis, only two strata (layers 16 and 20) were actually refined by the peat accumulation constraints (Fig. 9) .
A total of six events were recorded within the strata at the site, whose ages range from A.D. > 900 to the present (Seitz et al., 2000) . The most recent event recorded at the site appears to be the 1812 rupture also seen at the WW and PC sites to the northwest. In our calculations, we use this earthquake as a maximum age constraint to refine the ages of underlying layers. Radiocarbon ages used to determine layer ages at the site are reported in Ⓔ Table A11 in the electronic edition of BSSA, whereas statigraphic relationships used to refine these layer ages and infer earthquake and recurrence PDFs are reported in Ⓔ Table A12 in the electronic edition of BSSA. PDFs for layer and event ages and recurrence intervals are reported for the case that peat accumulation and ordering constraints were used and for the case that only ordering constraints were used (Fig. 10) . Summary statistics for layer-age PDFs, earthquake age PDFs, and recurrence intervals are reported in Tables 16, 17 , and 18, respectively. Comparisons between the results of our analysis and those of Seitz et al. (2000) are complicated by the fact that they do not report mean earthquake ages or ranges. Our mean event age esti- Table 14 Summary Statistics for Earthquakes at the WW Site Peat Growth Used * Order-Only Constraints Used * Peat Growth Used mates (Table 18) agree well with the range we might qualitatively infer from the results presented in Seitz et al. (2000) with two important exceptions. First, the PDFs presented by Seitz et al. (2000) for earthquakes Pit-3 and Pit-4 (their Ev-3 and Ev-4) are significantly younger than those we determined ( Fig. 10) for both peat accumulation and order-only scenarios. This arises from the assertion by Seitz et al. (2000) that peat accumulation rates throughout the trench stratigraphy have been uniform; the ages that bound these earthquakes (units 16, 20, and 30) are clearly older than would be expected by using a constant average peat accumulation rate. Thus, the imposition of a constant peat accumulation rate where this may be unwarranted forces these earthquake ages to be systematically younger than they actually may be. Mean recurrence intervals vary between 45 and 345 yr at the site. If we take the uppermost earthquake recorded at the site to be the 1812 earthquake, the mean recurrence interval and 95% bounds are 134 yr (115-155 yr) for the case that peat accumulation is considered and 136 yr (113-159 yr) when only ordering constraints are used. These results are on the order of the 144 yr RI estimated by Seitz et al. (2000) .
Plunge Creek Site. The Plunge site is located ∼29 km southeast of Pit along the SAF ( Fig. 1 ; McGill et al., 2002) . In the area, the geometry of the SAF is complex and consists of a number of subparallel splays that take up varying amounts of the fault-generated displacement. Unfortunately, two strands of the SAF are located to the northeast of the Plunge site in steep terrain that rarely preserves strata that may be used to document paleoearthquakes (McGill et al., 2002) . At the site, nine trenches perpendicular to the San Bernardino strand of the SAF expose gravels, colluvium, and sand deposits that are locally bioturbated. Two ground-rupturing events are observed within the excavations at the site (labeled by McGill et al., 2002 , as events W and R for the youngest and oldest earthquake, respectively). Detrital charcoal was recovered from a number of the trenches, and from analyses of these samples, local ecology, and fire history, McGill et al. (2002) estimate that sample ages may be between 0-140 yr older than the layers in which they are contained due to the time radiocarbon may have spent in transport to the ultimate site of deposition. No historic information exists here that provides an upper bound on layer or earthquake ages. While detrital carbon was recovered from four of the nine trenches, uncertainties in the correlation of units between trenches and an incomplete record of both earthquakes in all but one of these trenches forced us to limit our analysis Figure 9 . The distribution of peat-bearing layer ages at the Pitman Canyon (Pit) site. Those layers labeled in bold were used to define the peat accumulation rate for each interval as described in our companion article (Hilley and Young, 2008) . Those layers lying within each interval spanned by the noted bounding layer ages are assumed to have formed under a constant peat accumulation rate. The irregular peat accumulation rate seen in this figure forced us to define five intervals over which peat accumulation was deemed constant. This left only two layer ages to be refined using the peat accumulation process described in Hilley and Young, 2008 . Figure   10 . Layer, earthquake, and recurrence PDFs for the Pit site, using both peat accumulation and layer-ordering constraints (thick solid lines) and using only layer-ordering constraints (thin solid lines). See Figure 3 for further explanation of the features of this figure. to ages collected within only one of the trenches (trench 7, McGill et al., 2002) . We used the 11 radiocarbon samples recovered from this trench, the knowledge of the range of possible lag times between radiocarbon formation and deposition characterized by detrital times, and the reported stratigraphic ordering of samples to determine the timing of earthquakes W and R at the site.
At this particular site, we address the possibility that detrital radiocarbon ages might cause layers to appear older than the age provided by radiocarbon measurements. We incorporate the time lag caused by such detrital samples into our analysis by adjusting the calibrated radiocarbon age PDFs to account for these lags. Specifically, we assume that the lag between formation of the radiocarbon sample and its deposition is between 0-140 yr, as reported by McGill et al. (2002) . For simplicity, we further assume that each lag time is equally likely to have occurred. Thus, we adjusted the calibrated calendar year PDFs of the potentially detrital samples by lagging the entire PDF forward in time, summing each of these lagged distributions for lag values between 0-140 yr, and renormalizing the summed distribution to unit area. The resulting layer-age PDF thus represents the combination of all possible lags of each detrital radiocarbon sample's PDF.
We report the radiocarbon ages used in our analysis (Ⓔ see Table A13 in the electronic edition of BSSA), and the stratigraphic ordering constraints (Ⓔ see Table A14 in the electronic edition of BSSA) used to compute layer age and earthquake, and recurrence interval PDFs for the site (Fig. 11) . Summary statistics for the layer-age, earthquake age, and recurrence interval PDFs are provided in Tables 19, 20 , and 21, respectively. Our mean earthquake ages for events W and R compare well with those reported for trench 7 by McGill et al. (2002) , in which they estimated these earthquakes to have occurred around A.D. 1529 and 1420, respectively. Our ordered estimates generally produced narrower 95% bounds than those reported by McGill et al. (2002) , Figure   11 . Layer, earthquake, and recurrence PDFs for the Plunge Creek (Plunge) site, using layer-ordering constraints. See Figure 3 for an explanation of the features of this figure. despite the treatment of detrital radiocarbon ages in this study. McGill et al. (2002) present a range of possibilities for recurrence intervals based on various correlations of earthquakes between trenches at the site, and because we only computed recurrence interval PDFs for one of these, we cannot directly compare our results with theirs. However, our mean recurrence interval of 106 yr (23-230 yr within 95% bounds) agrees favorably with the value of ∼150 yr reported by McGill et al. (2002) for one of their proposed correlation scenarios.
Mission Creek Site. The final site we investigated is the MC site, located ∼85 km southeast of the Plunge site (Fig. 1) . Here, seven trenches excavated parallel to the fault expose < 3 m of material consisting of gravel, silty sand, and clay interbedded with rich organic layers (Fumal, Reymer, et al., 2002) . The organic layers consist of up to 20-cm-thick fine charcoal horizons, which are interpreted as local fires within the area (Fumal, Reymer, et al., 2002) . Unfortunately, some of the samples dated at the site appear to have a significant detrital component, and so Fumal, Reymer, et al. (2002) selected a total of 25 samples that appear most likely to provide reliable ages of the strata in which they were contained. Based on their interpretation of crosscutting relationships in the seven trenches, Fumal, Reymer, et al. (2002) interpreted five ground-rupturing events that occurred at the site. There is no reliable evidence of historic rupture in the area that serves to bracket the upper age of the layers and events in the area, although Fumal, Reymer, et al. (2002) argued that an event recorded in Indio, occurring around A.D. 1636 30 possibly corresponds to the youngest event at the MC site. In our analysis, we take a more conservative approach and do not rely on the assertion that A.D. ∼1636 30 was the same as the youngest earthquake recorded at the site (TP-1, which was not treated in this analysis due to lack of age control).
We used those samples designated as the least likely to be detrital (Ⓔ see Table A15 in the electronic edition of BSSA) and the stratigraphic relationships observed at the site (Ⓔ see Table A16 in the electronic edition of BSSA) to calculate the layer and earthquake age, and recurrence interval PDFs (Fig. 12) . Summary statistics for layers, earthquakes and recurrence intervals for this site are reported in Tables 22,  23 , and 24, respectively. With the exception of the uppermost earthquake recorded in the stratigraphy (TP-2), our earthquake ages agree well with those presented by Fumal, Reymer, et al. (2002a) . The TP-2 earthquake in our analysis has been shifted to systematically younger ages due to the fact that we did not use the upper-bounding age constraint of 1636 30 B.P. for the age of the youngest earthquake recorded at the site, as discussed previously. When considering the 95% bounds of our estimate of the age of TP-2 and theirs, we find general agreement between these two values. Our recurrence interval estimates for the events analyzed lie between 187-340 yr. Considering the four earthquakes analyzed in this study, the average recurrence interval between events TP-5 and TP-2 lies between 214-302 yr, with a mean value of 255 yr (Table 24) .
Correlation of Events between Paleoseismic Sites
We compared the earthquake age PDFs between paleoseismic sites to identify those earthquakes recorded at a variety of sites that may be contemporaneous. The timing of earthquakes along the length of the central and southern SAF is shown in Figure 13 . The x axis of this plot shows the distance southeast along the SAF from PF, while the y axis scales the time of observed earthquakes at the site. In this figure, we denote the yearly probability of 0.01 for each PDF as a solid, vertical line, and so peak values of an earthquake age PDF that lie close to the site location denote those earthquakes whose timing is poorly constrained.
The strength of correlations of earthquakes between sites is measured by two sets of uncertainties: (1) uncertainties associated with known errors in radiocarbon measurements and the distribution of datable material in each excavation, and (2) uncertainties that stem from different viable stratigraphic models of the record of ancient earthquakes at each site. Our Bayesian methods well characterize the former source of uncertainty. To gauge the strength of the correlation of earthquakes between sites based on the uncertainty of earthquake ages, we show the mean event overlap and weighted range overlap statistics (described previously) for earthquakes at adjacent sites with the best possible correlation as percentages denoted in bold and regular type, respectively, in Figure 13 . To quantify the uncertainties associated with different stratigraphic interpretations and models at each of the sites, we show a series of between-site earthquake correlations that reveal the impact of different interpretations of the stratigraphy at the BF site and use of different geologic information (i.e., peat growth versus orderonly information) when computing earthquake age PDFs.
First, we see that the duration of the earthquake record is far longer in the southern portion of the study area than the north. This results in the fact that earthquakes are more easily correlated from site to site in the south relative to the north. In fact, a maximum of three paleoearthquakes may be correlated in the north, while the south may record as many as ten correlative paleoearthquakes. However, even in the southern study area at the most complete, longest, and highest-resolution paleoseismic sites (i.e., PC and WW), we see that there are earthquakes recorded at each site that are not imaged at the other and cannot be matched with other paleoearthquakes recorded to the south. In some cases, relatively large uncertainties complicate the correlation of paleoearthquakes from site to site, leading to a number of plausible correlations that may be made based on the paleoseismic record. Importantly, the uncertainties in stratigraphic interpretation and depositional model (order only versus peat accumulation) play an important role in the correlation of earthquakes between sites (Fig. 13) . For example, in the case that a single layer age is reinterpreted at the BF site (scenarios 1 and 3 versus scenarios 2 and 4), paleoearthquake correlations between this site and the adjacent LY and FM sites change as well. The effect of this uncertainty is also clearly seen at the PC and WW sites by comparing correlations in which peat accumulation is considered as a constraint on paleoearthquake timing (scenarios 1 and 2; Fig. 13 ) versus correlations that consider only stratigraphic ordering constraints (scenarios 3 and 4; Fig. 13 ). In each of these cases, changes in how we interpret the prior geologic information can affect correlation of events with the adjacent sites and impact the correlation metrics used to guide site-to-site correlations.
Given the large uncertainties in correlation that we observe, we focus the remainder of our description of the results on only the robust features observed in all scenarios explored in Figure 13 . First, a paleoearthquake may be recorded at the LY and BF sites around A.D. 1250 (purple event, Fig. 13 ). The younger earthquake recorded at LY may correlate with either the second-or third-oldest earthquake recorded at BF, depending on the interpretation of the trench (Fig. 13 ). This is in part due to the fact that as earthquake age PDFs become narrower, the strictness that our correlation parameters demand increases. When viewing all scenarios, an earthquake around A.D. 1550 appeared to rupture the WW, Plunge, and MC sites (Fig. 13) , although no evidence for this event is found at the Pit site. Thus, either the earthquake record at Pit is incomplete, or two separate ruptures occurred approximately coevally with one another. The fact that in all scenarios analyzed, the northernmost rupture is not recorded at PC (and hence the rupture length was necessarily exceedingly small) raises doubt that these data record two distinct ruptures. In addition, the last four paleoearthquakes recorded at the MC site are associated Figure 13 . Correlation of the timing of paleoearthquakes along the length of the central and southern SAF. The x axis shows the distance southeast of Parkfield along the SAF, the y axis denotes the time of paleoearthquakes, and each of the PDFs is scaled such that the yearly probability of 0.01 is metered by the vertical line to the right of the base of the PDFs. The mean event overlap and weighted range overlap of earthquakes at adjacent sites are reported as percentages denoted in regular and bold type, respectively. Each of the panels in this figure denotes differing combinations of site interpretations and usage of a priori information. (a) and (c) show the case in which the paleosol at the BF site represents the age of the penultimate earthquake, while (b) and (d) show the effect of relaxing this assumption on earthquake ages and correlations. Likewise, panels (a) and (b) show the case in which peat accumulation is used as an additional constraint to refine the timing of earthquakes at the PC, WW, and Pit sites, while (c) and (d) show the effect of using only layer ordering on earthquake timing and site-to-site correlation.
with contemporaneous rupture events located at Pit, and in some cases, as far as PC, depending on the scenario considered (Fig. 13) . Finally, there are many earthquakes recorded in the older portions of the WW stratigraphy that have no corresponding event at the PC site. If we assume that earthquake record is complete at each of the sites, we see that earthquake ruptures do not appear to initiate and terminate at fixed points along the SAF as might be expected for a segmented fault, whose reaches undergo regular patterns of rupture. Rather, our results paint an admittedly impressionistic picture of rupture timing in which earthquakes may begin and terminate more or less randomly in space (Fig. 13) . The supposition that a complete earthquake record exists at each site is undoubtedly incorrect: a partial record of paleoearthquakes likely exists at most, if not all of the sites. Nonetheless, estimates of earthquake timing and correlation shown in Figure 13 represent the state of knowledge of earthquakes along the central and southern SAF, deduced using the state-of-the-art methods developed as part of this study.
Discussion
This work presents the first statistical evaluation of the timing and correlation of paleoearthquakes along the central and southern SAF that analyzes all of the published paleoseismic sites in a uniform manner. As such, the results represent our most up-to-date view of the paleoseismic history along this well-characterized portion of the SAF. It is worth noting that the relatively high density and the presence of Figure 13 . Continued. some sites with long earthquake records makes this area an ideal place to quantitatively test some of the proposed models of rupture behavior for the SAF. While we do not attempt these types of tests in this study, our results can be used as direct inputs for such tests, which might be carried out by future studies. In addition, our probabilistic estimates of earthquake timing and recurrence may be used to improve probabalistic seismic hazard assessments (PSHA). We envision that similar methods might be applied to other at-risk areas, such as the San Francisco Bay area, once the results of the regional-scale Bay Area paleoearthquake experiment project's paleoseismic excavations begin to emerge in the literature.
While our study provides some estimates of the timing and recurrence of specific paleoearthquakes along the central and southern SAF, perhaps a more interesting aspect of our work is the assessment uncertainty in the paleoseismic record. When uncertainties that we could quantify are considered, site-to-site correlation of paleoearthquakes becomes tenuous. This situation might be improved by using additional prior information to link ruptures between sites. For example, simultaneous consideration of the timing and surface offset magnitudes between sites should help to link ruptures between sites (Biasi et al., 2003) , providing a clearer picture of the temporal and spatial distribution of paleoseismic ruptures. However, slip-per-event offsets are notoriously difficult to obtain in the paleoseismic record (e.g., Weldon et al., 2002) , and are absent for all but the most recent events in most of the sites studied here.
The large potential uncertainties in the timing and recurrence of ancient earthquakes found as part of this study make evaluation of different models of rupture recurrence difficult to test. This raises the question of whether or not the fidelity of the paleoseismic record is sufficient to test such models, especially in cases such as the central and southern SAF where earthquake recurrence times are relatively short. Qualitatively, we might expect that as dating uncertainties decrease relative to recurrence times, the fidelity of the paleoseismic record may be sufficient to test recurrence models. Thus, we believe that similar studies that investigate how the fidelity of the paleoseismic record is affected by earthquake recurrence time, the rate of deposition of dated strata in excavations, and uncertainties in the radiocarbon dating process may be timely.
Finally, our results highlight the fact that the density of paleoseismic sites is far greater along the southern half of the SAF than along the northern half (Fig. 13) . Those sites in the north that have been studied also have a relatively short paleoseismic record. From our personal experience (Young et al., 2002) , sites in these areas may be difficult to find and interpret, and extensive bioturbation at the sites often obscures the paleoseismic record. Nonetheless, our results highlight the need to increase the density and quality of paleoseismic sites between PF and PC in order to link ruptures from the central SAF to those to the south.
Conclusions
We report the results of a statistical evaluation of the timing and recurrence of paleoearthquakes along the central and southern SAF. We used Bayesian methods to characterize uncertainties in earthquake timing and recurrence in the area that arise from intrinsic dating uncertainties and varying interpretations of crosscutting relationships exposed in paleoseismic excavations. We found that correlation of events between sites located along the northern SAF were complicated by the fact that earthquake records were typically quite short and the spatial density of sites was relatively low. Along the southern SAF, earthquakes could, in some cases, be correlated from site to site. However, between the two highest quality sites with the longest earthquake records (PC and WW), correlation of earthquakes appeared sensitive to the way in which geologic information was used to improve estimates of earthquake timing. In addition, we found that uncertainties arising from different, viable alternative stratigraphic models could impact inferences of earthquake age and recurrence. As an example, the interpretation of a single paleosol within a trench at the BF site leads to changes in the inferred temporal distribution of earthquakes along the central SAF.
The probabilistic estimates of earthquake timing and recurrence, expressed as PDFs, may prove useful for quantifying uncertainties in the paleoseismic record when performing a PSHA. In addition, while we do not explicitly test models of earthquake recurrence in this study, these PDFs may be used as direct inputs for such tests. Finally, our results highlight two areas of future research in paleoseismology that may prove beneficial: (1) studies that assess the factors that control the resolution of the paleoseismic record may be useful for planning future excavations and determining the appropriate sets of questions that might plausibly be tested using paleoseismic data, and (2) paleoseismic excavations that increase the spatial and temporal coverage between PF and the PC paleoseismic site should be especially useful in evaluating the rupture history of this area, understanding how ruptures may be distributed in space and time within this area, and understanding if ruptures along the central SAF consistently rupture the southern SAF as well.
